Abstract In major Egyptian cities there is a surge in construction and demolition waste (CDW) quantities causing an adverse effect on the environment. The use of such waste as recycled aggregate in concrete can be useful for both environmental and economical aspects in the construction industry. This study discusses the possibility to replace natural coarse aggregate (NA) with recycled concrete aggregate (RCA) in structural concrete. An investigation into the properties of RCA is made using crushing and grading of concrete rubble collected from different demolition sites and landfill locations around Cairo. Aggregates used in the study were: natural sand, dolomite and crushed concretes obtained from different sources. A total of 50 concrete mixes forming eight groups were cast. Groups were designed to study the effect of recycled coarse aggregates quality/content, cement dosage, use of superplasticizer and silica fume. Tests were carried out for: compressive strength, splitting strength and elastic modulus. The results showed that the concrete rubble could be transformed into useful recycled aggregate and used in concrete production with properties suitable for most structural concrete applications in Egypt. A significant reduction in the properties of recycled aggregate concrete (RAC) made of 100% RCA was seen when compared to natural aggregate concrete (NAC), while the properties of RAC made of a blend of 75% NA and 25% RCA showed no significant change in concrete properties.
Introduction
The global demand for construction aggregates exceeds 26.8 billion tons per year [1] . In Egypt there is a significant increase in the use of natural aggregates due to infrastructure and construction development. The use of recycled aggregate in construction can be useful for environmental protection and economical terms; it started since the end of World War II by using a demolished concrete pavement as recycled aggregate in stabilizing the base course for road construction [2] . The annual amount of construction and demolition waste (CDW) in Egypt is 4.0 million tons [3] while the current method of managing such waste is through disposal in landfills causing huge deposits of CDW and becoming an environmental problem. In other developing countries, laws have been brought into practice to restrict CDW in the form of prohibitions or special taxes for creating waste areas. The heaviest materials found in CDW in Egypt are concrete, bricks, sand, mortar and tile residues in which concrete represents up to half of the total waste weight [4] . This situation leads to a question about the preservation of natural aggregate sources and environment.
One of the possible solutions to these problems is to recycle construction and demolition concrete waste to produce an alternative aggregate for structural concrete. Recycled concrete aggregate (RCA) is generally produced by the crushing of concrete rubble, screening then removal of contaminants such as reinforcement, paper, wood, plastics and gypsum. Concrete made with such recycled concrete aggregate is called recycled aggregate concrete (RAC). The main purpose of this work is to determine the basic properties of RAC made of coarse recycled concrete aggregate then to compare them to the properties of concrete made with natural aggregate concrete (NAC). Fine recycled aggregate was not considered for the production of RAC because its application in structural concrete is generally not recommended [5] [6] [7] .
Research materials and methodology
In order to accomplish the aim of the study an investigation was undertaken into the properties of RCA collected from different sources then comparing the basic properties of concrete made with RCA with others made with NA.
Aggregate
Three types of aggregates were used in this study which include natural sand as fine aggregate (NFA), coarse aggregates with grading of 4.75-20 mm were dolomite as natural (NCA) and the crushed concrete rubble as (RCA) which were collected from fifteen different sources of demolished buildings and landfill locations then crushed using a Hartle PC-160 mobile impact crusher shown in Fig. 1 then sieved to the required grading. Testing of the aggregate was carried out as per Egyptian code of practice (ECP 203-2008, vol. 3) [8] .
Cement CEM I 42.5 N was used. Testing of cement was carried out as per the Egyptian Standard Specifications ESS 2421/2007 [9] . The used cement complied with the limits of ESS 4756-1/ 2009 [10] .
Water
Potable tap water was used for concrete mixing all through the study.
Admixtures
Two types of admixtures were used: (I) Chemical admixture was Modified Naphthalene Formaldehyde Sulphonate Superplasticizer complying with the ASTM C 494 Type A and F [11] . (II) Mineral admixture was silica fume complying with the ASTM C1240-11 [12] .
Concrete mixes
Fifty concrete mixes forming eight groups shown in Table 1 have been designed to compare the properties of RAC with NAC. Group (1) was designed to study the effect of RCA quality. Mixes of the group were made of 100% RCA collected from 15 different demolition and landfill locations around Cairo. All mixes of the Group (1) have constant superplasticizer content of 1.3% and the total water content was adjusted to obtain concrete having a slump value of 10 ± 2 cm, widely used in most structural concrete applications in Egypt. Groups (2-8) were designed to study the effect of RCA content, cement dosage, using of superplasticizer and silica fume. Different amounts of replacement of NA with RCA (0%, 25%, 50%, 75% and 100%) were tested keeping the coarse/fine aggregate ratio constant. Superplasticizer content of 0% and 1.3% was used with variable water content to obtain concrete having a slump value of 10 ± 2 cm. Cement contents were 350, 400 and 450 kg/m 3 . Silica fume was added to 10% of cement content for Groups (4 and 7). The absolute volume method was adopted to design the mix proportion of the concrete compositions. The following properties of concrete were selected for testing:
Bulk density of hardened concrete Compressive strength (age 7, 28 days) Splitting tensile strength (age 28 days) Modulus of elasticity (age 28 days).
Results and discussion

Aggregate
Test results of NFA, NCA and RCA are presented in Table 2 which shows that both NFA and NCA comply with the Egyptian Standard Specifications ESS-1109/2008 [13] and Egyptian code of practice ECP 203-2008 [14] while some properties of RCA do not.
Particle size distribution of RCA
The results of sieve analysis carried out on the RCA for the fifteen samples are represented in Fig. 2 . RCA are separated to various sizes during the process of crushing and sieving. The amount of fine particles (<4.75 mm) after recycling was in the order of 20-44% depending on the original quality of demolished concrete.
Specific gravity and water absorption
The specific gravity of RCA was in the order of 2.19-2.48 which is lower as compared to NCA (2.58) since the RCA from demolished concrete consists of crushed stone aggregate with old mortar adhering to it. As per ECP 203-2008 [14] the water absorption limit is (2.5%), RCA water absorption was ranging from 2.15% to 7.15% which is relatively higher than that of the NCA. Past researchers had concluded the same result [2, 15, 16] . This also attributed to the adherent mortar to the aggregates. As the water absorption characteristics of recycled aggregates are higher, it is advisable to maintain saturated surface dry conditions of aggregate before starting the mixing operations of concrete.
Bulk density
The bulk density of RCA is lower than that of NCA. The lower value of loose bulk density of RCA may be attributed to its higher porosity than that of NCA.
Abrasion index and impact values
The RCA is relatively weaker than the natural aggregate against mechanical actions. As per ECP 203-2008, the abrasion and impact values for concrete wearing surfaces should not exceed 30% and 45% respectively. The test results of impact values of RCA ranged from 13% to 38% which are lower than the ECP 203-2008 limit [14] . On the other hand, results of abrasion values of RCA did not satisfy the ECP 203-2008 limit [14] . However, ASTM C33 [17] includes a requirement of an abrasion loss (by ASTM C535 [18] ) to be less than 50% for aggregates used in concrete construction and less than 40% for crushed stone used in pavements [19] .
Chemical properties
The results of chemical analyses presented in Table 2 indicate suitable chloride and sulphate content of RCA. Chloride content ranged from 0.004% to 0.027% of water-soluble RCA.
For comparative reasons, test samples were taken from concrete demolition waste of two marine structures in which a high level of chloride content was found (0.07-0.244%).
Concerns about chlorides could appear when the original concrete waste comes from marine structures. The sulphate content of tested RCA samples satisfy the E.S.S limits (60.4%). The values obtained of the tested samples ranged from 0.01% to 0.05%. Previously discussed aggregates' results show that some of the characteristics of RCA are systematically lower than those usually required compared to natural aggregate to be used in structural concrete. So, it is necessary to combine a limited proportion of recycled aggregate with good quality natural aggregate in order to improve the characteristics of the structural concrete coarse aggregates. 
Performance of recycled aggregate concrete Workability of fresh concrete
Workability is a property of fresh concrete and it is measured by the slump test and is described as a measure consistency [20] . The water/binder ratio and superplasticizer content of the fifty concrete mixes were adjusted to obtain concrete having a slump value of 10 ± 2 cm which is widely used in most structural concrete applications in Egypt. All of the fifty mixes satisfied slump requirement. Fig. 3 shows water binder ratio used in the eight groups of mixes. The free w/b ratio ranged from 0.38 to 0.5 for NAC and from 0.42 to 0.55 for RAC. Test results showed that it is required to increase water by 9-13% to achieve the same level of workability when using RCA. This can be referred to more angularity in shape and rough surface of recycled aggregates and the existence of adhering mortar to the aggregates in the case of RCA. Fig. 4 shows that increasing replacement level of RCA in concrete decreases the workability of the concrete hence water demand increases to achieve the required workability. Full replacement of NCA with RCA requires about 10% increase in mixing free water to achieve the same workability without using superplasticizer. Using of superplasticizer decreased w/b ratio by an average of 12% and 15% with or without silica fume respectively.
Compressive strength (f c )
Compressive strength of concrete is commonly considered its most valuable property in mechanical properties because it usually gives an overall picture of the quality of concrete and it is directly related with other properties. Past researchers reported a reduction in compressive strength of RAC as low as 40% [21] . Table 3 shows the test results of the 50 mixes. The compressive strength at 28-day age of all the RAC mixes achieved a level of 25 MPa plus a suitable margin of safety and most structural concrete applications in Egypt require that class of concrete. Fig. 5 shows 28 day compressive strength for the concrete mixes M01-M15 that wereprepared from 100% RCA collected from 15 different sources RCA1-RCA15, 400 kg/m 3 cement content and 1.3% of cement weight superplasticizer. The mean and standard deviation were 42.9 and 5.0 MPa respectively. The standard deviation of these mixes represents 11.7% of the average strength and this can be attributed to the difference in physical and mechanical properties of the used RCA as it were driven from different sources of original concrete. The characteristic compressive strength value is 95% and compressive strength test results should possess a value greater than this. Accordingly if the number of test results is less than 20, it is not allowed for any test result to be less than the characteristic compressive strength value. M01-M15 achieved a characteristic compressive strength of 33 MPa which is the minimum value of test results. Fig. 6 shows the average reduction in compressive strength with the level of RCA replacement for different mixes without superplasticizer, with superplasticizer and mixes with silica fume. The results show that the concrete specimens with greater content of recycled aggregate have lower compressive strength. The reduction in compressive strength for 25% replacement of NCA aggregate was insignificant (2-4%). When the replacement ratio increased to 50%, the compressive strength reduction was 6-13%. Increasing the replacement ratio to more than 50% led to a non-linear drop in compressive strength ranging from 15-23% less than control concrete.
Full replacement of NA with RCA led to a reduction in compressive strength ranging from 18% to 28%. From the obtained results, it is clear that there is a possibility to produce good quality structural concrete using 25-50% RCA level of replacement according to RA properties and mix proportions. Table 4 shows the splitting tensile strength of selected NAC and RAC mixes in which cement content was 400 kg/m 3 . The split tensile strength results at the age of 28 days indicate a decreasing trend of strength when the content of recycled aggregate is increased. The reduction in tensile strength of concrete is shown in Fig. 7 . The concrete specimen with 100% RCA had the lowest tensile strength, which was only 3.41 MPa and the reduction in tensile strength ranged from 9% to 24% when compared to NAC specimen. Using super plasticizer enhanced the reduction in splitting tensile force by 4% while using both silica fume and superplasticizer enhanced the reduction by 15% and that can be attributed to the enhancing effect of silica fume on the interfacial zone between new and old mortar attached to RCA and working as a micro filler. Table 4 shows the test results of static modulus of elasticity at age 28 days of selected NAC and RAC mixes in which the cement content was 400 kg/m 3 . Fig. 8 shows the effect of RCA replacement ratio on the elastic modulus. In general, there is a reduction in elastic modulus with 100% RCA content ranging from 8% to 15%. Reduction in the modulus of elasticity of RAC with 25% RCA content was estimated in a range from 2.5% to 5% lower than the corresponding NAC. Using silica fume with 100% RCA enhanced the modulus of elasticity by 8% than RAC mixes without it and this can be attributed to the enhancing effect of silica fume on the interfacial zone between new and old mortar attached to RCA and working as micro filler.
Split Tensile Strength (f tsp )
Static modulus of elasticity (E)
Conclusion
Based on test results, the following conclusions are drawn:
1. Concrete rubble could be transformed into useful recycled aggregate used in concrete production with properties suitable for most structural concrete applications in Egypt. 2. Few properties of RCA such as absorption and abrasion resistance were lower than those required by Egyptian concrete code of practice although it complies with other international codes. 3. RAC with replacement ratio up to 100% of NA and 400 kg/m 3 cement content produced structural concrete with 33 MPa characteristic strength which is suitable for most structural concrete applications in Egypt. 4. Full replacement of natural aggregates by RCA led to less workability and a decrease in concrete strength and to overcome that effect superplasticizers and higher cement content ranging from 400 to 450 kg/m 3 were used in order to have a more compact matrix which led to enhancing structural concrete performance. Tensile strength and elasticity modulus of RAC with 100% RCA content are lower than those of the NAC. The reductions were up to 25% and 15% respectively. 5. Replacing proportions AQ from 25% to 50% of NCA with RCA achieved a good performance of concrete mixes. Replacing 25% of NCA with RCA has no significant adverse effect on structural concrete performance. When the replacement ratio increased to 50%, the compressive strength reduction ranged from 7% to 13% with a smaller reduction in splitting and elastic modulus.
6. Using Silica fume as mineral admixture enhanced the performance of RAC due to better interfacial zone between new and old mortar attached to RCA and working as a micro filler.
